In this work, tunable series and parallel resonators based on a nematic liquid crystal cell as variable capacitance are proposed and characterized. Tunable resonance frequencies in the range of kHz have been obtained for the combination of the inductance and the liquid crystal cell (capacitance) used in the proposed circuits. • 5 On the other hand, circuits including inductive and capacitive elements show the property of resonance, which can be employed to create very effective bandpass and band-stop filters .
inductive and capacitive elements show the property of resonance, which can be employed to create very effective bandpass and band-stop filters .
In this work, tunable series and parallel resonators based on a nematic liquid crystal (NLC) cell behaving as a variable capacitance have been implemented and experimentally characterized.
The study was carried out with a monopixel NLC cell. The structure of a NLC cell basically consists of two parallel transparent plates or substrates with a conductive transparent layer (electrodes). Inner surfaces are also conditioned by specific alignment process to achieve a homogenous molecular alignment of the LC material. The glass plates are arranged so the molecules adjacent to the top electrode are oriented at a right angle to those at the bottom . The sample has a thickness of 1. Ln order to experimentally determine the capacitance dependence on the applied voltage, complex impedance measurements were carried out. A bias voltage from 1 V to 3.5 V was applied to the NLC cell. Variation on impedance magnitude and phase are displayed in Figure I .
An EEC of the sample was deduced using these complex impedance measurements through a method previously reported. 3 From the experimental measurements of impedance depicted in Figure I it can be deduced that the NLC sample has an EEC consisting of an ideal capacitor (CLc) with series (Rs) and parallel (Rp) resistors (Figure 2) . Component values of the EEC as a function of the applied voltage are shown in Table I .
Tunable resonators proposed in this study are designed to operate in the frequency range from 1 kHz to 20 kHz, where complex impedance measurements of the NLC cell revealed a predom inant ideal capacitive behavior (impedance phase about -90 °). Inductance value was chosen to obtain a resonance frequency within this range (L = 65 mH).
The first proposed circuit is a tunable parallel resonator based on a NLC cell. !he practical circuit implemented is
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. . shown in Figure 3 , in which the ideal capacitor of the parallel resonator has been replaced by the previously characterized NLC cell in order to provide a voltage-controlled capacitance. This variable capacitance allows the circuit to perform a tunable resonance frequency. The effect of the series (Rs) and parallel (Rp) resistors of NLC cell has also been studied. A linear capacitor with a very high capacitance value (Cisolated) was added to isolate the inductor from the direct electric current.
Assuming a large capacitance value for Cisolated. impedance of the tunable parallel LC resonator, Zp' in Figure 3 , can be obtained as follows:
where Rs « R p, and, in this case, L « CLc · Rp · Rs , for all bias voltages applied across the NLC cell. Consequently, Zp' equation can be simplified in the following way:
(2)
The resonance takes place when IZ/(w)I is maximum, 6 what
In this case, impedance magnitude at resonance frequency is
Taking into account that R~ « L /CLc for all bias voltages, this expression can be simplified as follows:
Finally, the quality factor (Q(w)) of the tunable parallel resonator proposed, that allows to compare the energy stored with the energy dissipated per cycle, when the circuit is at resonance, Q(wo), can be expressed as
The dependence of impedance magnitude (IZP' lmeasurement) and phase (LZP'measurement) with frequency and voltage in the tunable parallel resonator is shown in Figure 4 . Measured frequency range was from I kHz to JOO kHz. de bias voltage was varied from I V to 3 .5 V, because the capacitance of LC cell changes substantially for this range.
Resonance frequency decreases as the bias voltage increases, due to the NLC cell capacitance increases. Resonance frequency variation of almost one octave has been achieved for this resonator circuit.
On the other hand, impedance magnitude and quality factor, at resonance frequency, decrease as the bias voltage increases.
As it was done in the parallel case, the ideal capacitor has been changed by the NLC device. The effect of the series and parallel resistors (Rs and Rp) has been also taken into account. In this case it is not necessary to add any extra element to the circuit. The series resonator experimentally characteri zed is represented in Figure 5 . Using the NLC cell , the impedance of tunable series LC resonator, Zs' in Figure 5 , can be obtained as follows:
where Rs « Rp , and, in this case, L « CLc · Rp · Rs, for all bi as voltages applied across the NLC cell. Consequently, Zs' equ ation can be simplified as follows:
1 I R p + J w . c LC As explai ned before, when re onance takes place IZs'(w)I is minimum and that occurs when
In this case, the impedance magni tude at resonance frequency is Finally, the quality factor of the tunable series LC resonator can be expressed, in a similar way that in the parallel case, as (10) Rs Figure 6 shows the complex impedance measurements of the seri es resonator (magnitude, IZs'lmeasurement> and phase, LZs' measurement). These experimental data were obtained using the Solartron 1260 impedance analyzer. Complex impedance was meas ured in the frequency range from I kHz to 100 kHz. Additionally, de bias voltage was varied from 1 V to 3.5 V.
Like in the parallel resonator, resonance frequ ency decreases with increasing bias voltage. However, impedance magnitude at resonance frequency is, approximately, bias vo ltage independent in this case. 
